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ABSTRACT OF THE THESIS 
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ELEVATIONAL GRADIENT IN THE PERUVIAN ANDES 
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Professor Kenneth J. Feeley, Major Professor 
 Andean montane forests are one of the most diverse ecosystems on Earth, but are 
also highly vulnerable to climate change. Therefore, the link between plant distribution 
and ecosystem productivity is a critical point to investigate in these ecosystems. Are the 
patterns in productivity observed in montane forest due to species turnover along the 
elevational gradients? Methodological constraints keep this question unanswered. Also, 
despite their importance, belowground biomass remains poorly quantified and 
understood. I measured two plant functional traits in seedlings, root:shoot ratio and 
specific leaf area, to identify different strategies in growth and biomass allocation across 
elevations. A tradeoff in specific leaf area with elevation was found in only one species, 
and no generalized directional change was detected with elevations for root:shoot ratio. 
Lack of information for the ontogeny of the measured plant traits could confounding the 
analysis.  
vi 
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CHAPTER 1: ANDEAN MONTANE FORESTS 
The Tropical Andes extend over 4000 km from 11ºN to 23ºS and include 
territories from the Venezuelan western slopes to the Bolivian, Chilean and Argentinian 
frontiers. Elevations range from 600-800 m to approximately 6000 m above sea level. 
Within the central Andes, the eastern slopes located between high elevation grasslands 
(puna or páramo) and the lowland Amazon forest are covered in tropical montane 
cloudforests. As a result of their steepness, elevation can change 3000-4000 m across a 
horizontal distance of less 20km. This dramatic altitudinal gradient over a relatively small 
area holds many species with narrow elevational ranges that allows the Andes to support 
high levels of plant and animal diversity, including many endemic species (Myers et al. 
2000). Indeed, the tropical Andes were considered by Myers et al. (2000) to be one of the 
25 global biodiversity hotspots of conservation concern, due to their high concentration 
of species coupled with the ongoing threat of habitat loss. More specifically, the tropical 
Andes support 6.7% and 5.7% of the world´s endemic plant and vertebrate animal 
species, respectively, and it has been estimated that only 25% of primary vegetation 
remains (Myers et al. 2000). Deforestation, habitat fragmentation, and human land use 
are believed to have already caused extensive biodiversity loss; currently, climate change 
makes the Andean montane forests even more vulnerable to biodiversity loss (Bush 2002, 
Feeley & Silman 2010b).  
In addition to their  high biodiversity value, Andean montane forests are 
important for the provisioning of ecosystem services relating to water capture (Buytaert 
et al. 2009), regional climatic regulation (Larsen 2012), pollination of nearby crops, and 
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carbon storage (Gibbon et al. 2010). The majority of studies assessing carbon pools and 
sequestration in the tropics have been conducted in lowland forests (Clark et al. 2003; 
Feeley et al. 2007), while the ecosystem properties of the tropical Andes remain 
relatively unknown (Moser et al. 2011), hindering the development of  realistic global 
and regional carbon budgets, as well as of predictions for  the effects of climate change.  
Two principal approaches employed to investigate forest responses to altered 
climate conditions are field manipulations and observational studies (Gradstein et al. 
2008). Field manipulations are controlled experiments where one or more climatic 
variable is manipulated and the biological responses are measured. For example, CO2 
enrichment experiments (e.g., FACE, Ainsworth & Long 2005) and warming 
experiments (Rustad et al. 2001) have greatly increased our understanding of the 
physiological responses of temperate forests to climate change. However, no large-scale 
warming or CO2 addition experiments have been conducted in the tropics to date 
(Aronson & McNulty 2009, Feeley et al. 2012), although a large-scale drought simulation 
experiment has been completed in the lowland rainforest of Brazil (Da Costa et al. 2010). 
This study showed that after a seven year experimental drought, aboveground wood 
production decreased by an average of 32% in a 1 ha plot of eastern Amazonian forest, 
mainly due to reduced stem density and decreased average growth rates of large trees 
(DBH > 40 cm). While field manipulations can provide important insights, they are 
logistically and financially challenging, which can reduce statistical power and constrain 
site selection. These factors have prevented their application in tropical Andean montane 
forests.  
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Another approach that may provide insights into how species respond to changes 
in variable climatic conditions is the use of elevational gradients as climate proxies. Since 
climate changes with elevation, elevational gradients are considered “natural 
laboratories” to test both long-term and  transient effects of climate on species and 
ecosystems (Malhi et al. 2010). For example, temperature changes linearly with elevation 
according to the adiabatic lapse rate (Raich et al. 1997, Kitayama & Aiba 2002, Rapp 
2010, Girardin et al. 2010), and thus elevational gradients can also be considered 
temperature gradients. Unlike latitudinal gradients, studies on tropical elevational 
gradients can avoid both the confounding effects of seasonality on temperatures due to 
changes in sun angle and day length, and differences of biogeographic history among 
sites (Malhi et al. 2010), although local variation in microclimate variables, such as 
cloudiness and moisture, have been reported for some elevational gradients, and these 
could possibly affect plant performance and biomass allocation patterns (Rapp 2010). 
Studies in tropical montane forests in Borneo, Puerto Rico, Hawaii, Venezuela, Ecuador 
and Peru have used vegetation plots along altitudinal gradients to evaluate the changes of 
aboveground biomass and productivity with elevation (Delaney et al. 1997, Raich et al. 
1997, Waide et al. 1998, Aiba & Kitayama 1999, Girardin et al. 2010, Moser et al. 2011). 
These studies found that tree architecture changed from slender to robust trunks at higher 
altitudes. Some studies have reported that mean leaf area decreases with elevation, 
possibly as an adaptation/acclimation to cope with limited water supply and nutrient 
availability, as N availability generally decreases with elevation regardless of geological 
substrates (Raich et al. 1997, Vitousek & Howarth 2008, van de Weg et al. 2009). 
Moreover, the decrease of aboveground net primary productivity with elevation has been 
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consistently reported as a key characteristic of tropical montane cloudforests (Aiba & 
Kitayama 1999, Leuschner et al. 2007, Girardin et al. 2010) 
One important aspect that limits insight into the function of tropical montane 
cloudforests is the scarce climatic data available along elevational gradient. In a study 
along an elevational gradient in the southeastern Andes of Peru, Rapp (2010) used an 
array of micro-meteorological stations within a cloud forest in Peru, complemented with 
climate data from the lowlands and highlands, to produce the most comprehensive 
register of microclimate along an elevational gradient. The study, which spanned a 3900 
m elevational gradient, confirmed the importance of the cloud regime on tree growth 
rates in tropical montane forests, as changes in the position of the cloud layer during the 
year led to variation in the amount of solar radiation reaching these forests. Separating 
the covariance of variable climatic changes along elevational gradients is extremely 
important to understanding how plants respond with changing climate, but studies like 
Rapp’s (2010) have proved how limited research can be without microclimatic analysis. 
Nonetheless, even in the absence of microclimatic data, elevational gradients have 
provided significant insights into the importance of climate in driving forest dynamics by 
comparing productivity and carbon storage in forests with different mean temperatures.  
In the most complete compilation of data on net primary productivity (NPP) for 
tropical forests, Clark et al. (2001) showed how most of the studies had focused on 
gathering information on stem productivity and rates of fine litterfall, but there is still a 
big gap of information on belowground variables such as volatile organic compounds, 
root losses to belowground consumers, root exudates, carbon export to symbionts 
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(mycorrhizae, nodules) and root biomass. In the few studies looking at belowground 
variables, Vogt et al. (1995) investigated carbon allocation between aboveground and 
belowground biomass in tropical forests sites, finding that a variety of abiotic and biotic 
factors affected fine-root biomass and productivity at the community level. However, fine 
root biomass has rarely been assessed at the individual plant level (Jackson et al. 1996), 
and empirical data on the coarse-root incremental growth of tropical forests is also 
lacking (Girardin et al. 2010, Moser et al. 2011). This dearth of information on 
belowground biomass and productivity is perhaps most pronounced in tropical montane 
cloudforests. In this ecosystem, few studies have considered belowground net primary 
productivity and biomass and much remains unknown (Leuschner et al. 2007, Graefe et 
al. 2008a, Girardin et al. 2010, Moser et al. 2011).  
The main goal of this study is to test the hypothesis that a shift in plant 
distribution in Andean montane forests is responsible for the pattern of increasing 
productivity with temperature by using two plant functional traits, root:shoot ratio and 
specific leaf area, along an elevational gradient. The field project of this study is 
developed in Chapter 2, which is written in a journal format to be submitted for 
publication. 
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CHAPTER 2: ANALYZING ROOT:SHOOT RATIO AND SPECIFIC LEAF 
AREA IN A CLOUDFOREST ALONG AN ELEVATIONAL GRADIENT IN THE 
PERUVIAN ANDES 
 
ABSTRACT  
For Andean montane ecosystems, especially cloudforests, there is limited understanding 
of the link between plant distribution and ecosystem productivity. In montane forests 
aboveground productivity is lower at higher elevations than lower elevations.  Is this 
pattern in productivity due to species turnover along the elevational gradients? Due to the 
methodological approach used in montane forests, this question stated has not been fully 
tested. Also, despite their importance, most measurements of primary productivity to date 
have focused mainly on aboveground biomass, while biomass allocation belowground 
remains poorly quantified/understood. This study used two plant functional traits 
measured in congeneric individuals to elucidate if species turnover is responsible of the 
patterns in productivity seen in Andean montane forests. I collected 317 seedlings 
belonging to six species of trees along a 700 m elevational gradient (2700-3400 m asl) 
from a cloudforest located in the Peruvian Andes. Species collected were Clusia cf. alata, 
C. flaviflora, Symplocos psiloclada, S. quitensis, Weinmannia bangii, and W. 
microphylla. Root:shoot ratios were measured as the dry mass of belowground over 
aboveground organs, and specific leaf area was measured as the area of a fresh leaf over 
its dry mass, for each seedling. For each seedling we also recorded data on elevation, 
light availability, and soil pH. Allometric effects on plant traits were detected and taken 
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into account later for analysis of plant functional traits using the basal diameter of 
seedlings. Root:shoot ratio increased with elevation in the case of W. microphylla, and 
decreased in C. flaviflora. Support for the hypothesis of a biomass pattern shift from 
aboveground to belowground with elevation only came from data for one species. Also, 
root:shoot ratio increased in places with higher values of canopy openness in W. 
microphylla, and higher soil pH values in S. quitensis. Specific leaf area increased with 
elevation in the case of S. quitensis, decreased in S. psiloclada, and showed a slight 
negative trend with elevation in the case of W. microphylla. Further, specific leaf area in 
S. quitensis decreased in areas with higher canopy openness. No directional changes with 
elevation were observed in root:shoot ratio and specific leaf area within species along the 
elevational gradient. A singular evidence of tradeoffs was found in the photosynthetic 
capacity with elevation. Lack of information on plant age could be a crucial factor 
complicating the analysis of environmental control along the elevational gradient. 
Therefore, our results cannot support or reject the hypothesis that shift in plant 
distribution affects ecosystem functioning.   
 
INTRODUCTION 
The Andean montane forests, which include the cloudforests, are perhaps one of 
the ecosystems that poses the greatest challenge in conservation due to human and 
climate impacts (Young & León 1999). Paleoecological studies show that Andean forests 
responded to historic changes in temperatures with distributional shifts (Bush et al. 2004), 
however there is still great uncertainty about whether montane trees can migrate upslope 
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and whether they can migrate at the pace imposed by current climate change (Feeley et 
al. 2011). In addition, it is possible that Andean montane forests will encounter climatic 
and human barriers to expansion above the treeline (Herzog et al. 2011). Moreover, 
species in the Andean montane forests exhibit narrow altitudinal home ranges, which 
makes these forests’ biodiversity especially vulnerable in a scenario of climate change 
(Feeley & Silman 2010a, Feeley et al. 2012), regardless of their past life-history traits. 
More research is needed to better understand and predict tree migration in the Andes, but 
also consequences of migration at the ecosystem and community level (e.g. nutrient 
cycling, biomass allocation, species interactions). Indeed, loss of diversity could cause 
disassembly at the community level and consequently compromise ecosystem 
functioning (Chapin et al. 2000). 
The link between community assemblage and ecosystem productivity in Andean 
montane forests has only recently been addressed and many questions remain unexplored.  
Using elevational gradients, researchers have studied the effects of temperature on the 
structure and function of montane forests.  These studies reported a clear decrease in 
productivity with elevation, consistently recording a decrease in tree height, aboveground 
biomass and ecosystem productivity with increasing elevation (Delaney et al. 1997, 
Kitayama & Aiba 2002, Girardin et al. 2010). The few studies that have looked at 
belowground biomass report a reverse pattern on belowground biomass in comparison to 
the aboveground findings (Leuschner et al. 2007, Graefe et al. 2008b). The common 
method used in these studies encompassed the measure of biomass and carbon stocks at 
the plot level. However, this methodological approach does not consider species-specific 
contributions to the entire ecosystem production because analysis at the plot level 
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includes a pool of different species. New studies that can consider the contribution of 
species are needed. These studies should examine whether the patterns in productivity 
observed in montane forest, i.e., lower aboveground productivity at higher than lower 
elevations, are due to species turnover between plots, intra-specific variation, or both? 
The pattern of decreasing forest productivity with temperature could be produced by a 
shift in the tree community at different elevations, and not only be a monotonic effect of 
temperature independent of species identity.  Understanding what is causing these 
patterns could have important implications for prediction of carbon storage in these 
forests under global warming.  
Beyond the question of what is driving the changes observed in productivity in 
the Andes, there is little information regarding belowground biomass. A shift in carbon 
allocation in trees from above ground to below ground has been hypothesized as the 
possible cause of decreasing aboveground biomass and increasing belowground carbon 
stocks with altitude (Zimmermann et al. 2009, Girardin et al. 2010). Few studies had 
focused their attention to belowground productivity. Studies looking at the belowground 
components of biomass have reported higher fine root carbon stocks and biomass in 
tropical montane forests than in lowland forests, and other studies along elevational 
gradients have reported increases in root biomass at higher elevations (Cairns et al. 1997, 
Leuschner et al. 2007, Graefe et al. 2008, Girardin et al. 2010, Moser et al. 2011). 
However the patterns remain poorly defined in cloudforests, with some studies showing 
contrasting patterns (Girardin et al. 2010). Furthermore, the cause of a shift towards 
increased belowground allocation at higher elevations has not been clarified yet.  
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As for aboveground biomass, the estimates belowground in cloudforests or along 
elevational gradients come from measurements at the plot scale. For these measurements, 
bulk samples of roots were collected and measured without regard for which individual 
or species they belonged to, thereby producing single estimates of root biomass for large 
areas that may have encompassed hundreds of trees of dozens of species. As such, the 
basis for the purported shift in biomass allocation remains unclear.  
One study in the Peruvian Andes looked at the connection between species 
distributional ecology and forest ecosystem using an elevational gradient. Rapp (2010) 
used a dominant and widespread genus of cloudforest trees in the Andes (Weinmannia 
spp.) to simultaneously study patterns of growth rate vs. elevation in multiple congeneric 
species across their altitudinal range. This study revealed that growth rates within species 
did not vary consistently with temperature but that between species there was a trade-off 
between growth rates and temperature niche. Specifically, species growing at lower 
elevations grew faster than their highland congeneric. This finding suggests that species 
turn-over is largely responsible for the positive correlation between productivity and 
temperature seen along elevational gradients. It remains unknown how this finding will 
hold in other plant functional traits in the species from montane forests. Moreover, 
linking the differences in growth rates with particular plant traits could be important to 
understand the different strategies observed in congeneric species.  
Functional traits are recognizable features that are important for the growth, 
reproduction, and survival of individuals (Cornelissen et al. 2003, Wright et al. 2004a). 
Plant functional traits have been widely recognized as being very powerful and useful 
18 
tools to solve questions related to population genetics (Nicotra et al. 2010), community 
phylogeny (Paine et al. 2011), niche evolution (Shipley et al. 2012), and functional 
ecology (Kraft et al. 2008). Given their recognized importance, there have been extensive 
efforts to develop global databases on plant traits and to standardize collecting protocols 
(Cornelissen et al. 2003, Kattge et al. 2011).  
A recognized index used to characterize relative biomass allocation to 
aboveground vs. belowground tissue growth is the root:shoot ratio. Root:shoot ratios are 
potentially influenced by environmental conditions, but could also vary through the 
development of individuals and between species (Cornelissen et al. 2003). Studies of 
trunk allometry in trees indicate that trunk diameter is related to tree height, but also to 
crown width and crown environment (King 1996). At early stages, trunk diameter needs 
to provide the stability for the plant to grow and increases at a proportional rate with 
height; however, to maintain the constant stability as crown develops, trunk diameter 
needs to adjust based on crown weight and width (King & Clark 2011). Knowledge of the 
allometric relationship is critical to understand how this could affect estimates of 
root:shoot ratios. Nevertheless, the general trend for woody plants is that root:shoot ratio 
decreases with size due to stronger stem development, as has been observed in 
experiments under controlled environments (Poorter et al. 2012). Root:shoot ratio has 
been previously used to test the shift of aboveground to belowground along elevational 
gradients (Mokany et al. 2006, Leuschner et al. 2007) as mentioned earlier on this 
document.  
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On the other hand, leaf traits are considered useful to detect intraspecific and 
interspecific trait variation along environmental gradients (Poorter & Van Der Werf 
1998, van de Weg et al. 2009, Long et al. 2011). Specially leaf traits that consider mass 
are sensitive to climate and soil resources, associated with competitive strength, and 
important in determining the capacity for plants to acquire carbon (Wright & Westoby 
1999). A widely used leaf trait is specific leaf area (SLA). SLA shows the relationship 
between the area and the mass of a leaf and represents the photosynthetic surface area per 
unit investment in leaf tissue (Wright et al. 2004a). High SLA values correspond to 
thinner or less dense leaves, but also these characteristics can be associated with short 
leaf life-spans. Short-lived leaves are also less tough and concentrate fewer amounts of 
secondary compounds. Secondary compounds are important factors determining leaves 
longevity; high amounts of secondary compounds dilute the amount of tissue allocated to 
photosynthesis and consequently reduce the overall photosynthetic capacity (Reich et al. 
1992) . Also, an inverse relationship between leaf life span and relative growth rate has 
been demonstrated in some tropical species, and  carbon assimilation rate and mass-based 
concentrations of leaf nitrogen, phosphorus and calcium decrease with increased lifespan 
(Reich & Schoettle 1988, Reich et al. 1992, Reich 1998). This data is consistent with the 
lower photosynthetic rate of higher altitude plants, with their thicker, longer-living 
leaves, which often have lower mass-based N concentrations (Tanner 1998a, van de Weg 
et al. 2009). Possible explanations for these characteristics in montane forests at higher 
elevations include reduced N supply caused by low mineralization rates produced for low 
temperatures, and water logging in cloudforests (Tanner 1998b). Also, a decrease in 
direct photosynthetic active radiation (PAR), but an increase in diffuse PAR (Leuschner 
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et al. 2007) and in relative humidity (Grubb & Whitmore 1967) are among the 
consequences of immersion in clouds in this ecosystems.  
Cloudforests are located along dramatic elevational gradients on the eastern side 
of the Andes, are the higher habitats in montane forests, and present a key opportunity to 
study the link between climate and ecosystem function, including primary productivity.  
Elevational gradients have been widely applied in ecology as "natural laboratories" to 
help elucidate the responses of ecosystems to different environmental conditions. 
Historically, elevational gradients have been used as monotonic natural gradients in 
which habitat complexity, species richness, ecosystem productivity, and temperature all 
decline steadily with elevation (Terborgh 1977). More recently, scientists have begun 
employing natural elevational and environmental gradients as "space-for-time 
substitutions" that are helping our understanding of how climate changes could affect the 
global carbon budget, especially in areas such as tropical forests where it is extremely 
difficult to set up large scale manipulative experiments (Malhi et al. 2010). 
Understanding the differences in growth and biomass allocation among different 
species from the Andean montane forests seems vital to infer the consequences of climate 
change on this ecosystem. Indeed, there is evidence that the pattern of increasing primary 
productivity with temperature is a consequence of a shift in plants distribution across 
elevation. This evidence could have serious implications on ecosystem productivity for 
the Andean montane forests because the increased productivity will depend on species 
migration. 
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Objectives 
Most studies conducted in Andean montane forests have focused exclusively on 
aboveground biomass estimations, and the importance of belowground stocks remains 
poorly quantified or understood (Clark et al. 2001b, Leuschner et al. 2007, Girardin et al. 
2010). Elevational gradients in the tropical Andes provide a setting that can be used to 
test the effects of temperature and other climatic variables on plant responses, including 
belowground biomass allocation. Plant functional traits are also available tools to test 
these responses, and root:shoot  ratio is one trait that reflects aspects of belowground 
biomass. The goals of this study were (1.) to analyze root:shoot ratios (RSR) of 
individual seedlings of dominant trees across an elevational gradient in the southern 
Peruvian Andes to determine if there is a shift in aboveground vs. belowground biomass 
allocation in relation to elevation; and (2.) to determine whether specific leaf area (SLA), 
a proxy for the potential photosynthetic capacity of species, changes with increasing 
elevation. If the analysis of plant functional traits shows a directional environmental 
filtering along the elevational gradient, I hypothesized that root:shoot ratios increase and 
SLA decreases within species with increasing elevation. To consider the inherent 
differences in plant traits among species, six species were sampled in this study. 
Moreover, tradeoffs across species in relation to root:shoot ratio or SLA were considered 
by using congeneric species. 
 
  
22 
METHODS 
Study site 
Seedlings were collected from a ridge called Trocha Union along a ~ 700 m 
altitudinal gradient (2700 – 3442 m asl) at the southern edge of Manu National Park in 
the head of the Kosñipata Valley (-13º 6’ 18’’ latitude, -71º 35’ 21” longitude, datum 
WGS84).  The top part of Trocha Union is located approximately 55 km northeast from 
the Department of Cusco (Peru) (Figure 1). The cool and wet climate at the study site 
supports a tropical montane cloudforest, and temperature decreases with altitude at a 
measured lapse rate of ‐5.5°C per 1000 m of elevational gain (Bush et al. 2004, Feeley & 
Silman 2010b). This study site is the focus of ongoing research by the Andes Biodiversity 
and Ecosystem Research Group (ABERG; http://andesresearch.org/), a multidisciplinary 
group of scientists from the USA, the UK, and Peru.  ABERG has established a network 
of 21 1 ha vegetation monitoring plots ranging from 200 to 3500 m asl, centered on the 
Kosnipata Valley, Tono, and Tambopata valleys of southeastern Peru.  In the Kosnipata 
Valley, the ABERG plots are separated by ~250 m in altitude along the elevational 
gradient, from the lowlands (lowest plots at 300 m asl) to the elfin forest near the 
timberline (highest plots at 3450 m asl), and encompass a range of approximately 18º C 
mean annual temperature (Malhi et al. 2010). The present study along the ~ 700 m 
elevational gradient covered the area around the four top ABERG plots, which is covered 
in cloudforests, with mean annual temperature ranging from 11.1 ºC at 2700 m asl to 7.7 
ºC at 3400 m asl (temperatures reported in Rapp et al. 2012).  
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Rapp (2010) reports three distinct seasons for the study area: summer or wet 
season from November through March, April shows a short transition between wet and 
dry seasons, then winter or dry season from May to July, and spring or dry-wet transition 
from August to October. Also, the same study reports the patterns among seasons and 
across elevations of temperature, rain, photosynthetically active radiation (PAR), and 
humidity. Temperatures are higher in the wet season than in the dry season but the 
difference is less than 2ºC. Precipitation varies smoothly over the year, but reaches its 
maximum in January and February and its minimum in June and July; annual 
precipitation decreases linearly with elevation above 1000 m asl, with precipitation 
ranging from less than 1000 mm/year at 4130 meters to greater than 5000 mm/year at 890 
meters. PAR decreases with altitude for most of the year, except during the dry season 
(April-July) when cloudiness is higher at lower altitudes and PAR shows a reversed 
pattern. Light levels decrease after the early wet season (November and December). 
Vapor pressure decreases with altitude, but maintains fairly consistent over the year, and 
between the canopy and understory. However, vapor pressure deficit (VPD) shows 
seasonal patterns, with low values in the wet season and reversing the pattern along the 
altitudinal gradient from the dry season to the dry-season transition.  
The study site is immersed in a tropical montane cloudforest, where patterns of 
cloud formation are critical for determining the changes in microclimate variables, as 
mentioned in the paragraph above. During the dry season, the cloud base is located at 
lower altitudes, causing a general pattern of increased light with altitude and a relatively 
shallow adiabatic lapse rate. The dry-wet transition and wet season shows a reversed 
situation in which the cloud base is located at higher altitudes, with more light at lower 
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altitudes, and the adiabatic lapse rate is steeper due to larger changes in temperature at 
lower elevations. During the day the gradient experiences upslope winds, and as the 
moist air rises, it condenses into clouds, such that light levels are lower in the afternoon 
than in the morning, and higher rainfall occurs in the afternoon (Rapp 2010).  
The study site has a homogeneous geological substrate (Girardin et al. 2010) 
which is Paleozoic shale-slate. Soil carbon, nitrogen and phosphorus stocks in the top 50 
cm are higher in the higher-elevation portions of the gradient, and the soil also has a thick 
layer of humic material (Zimmermann et al. 2009). 
 
Seedling species collected 
Between May and July 2011 (dry season), 317 seedlings from six species were 
collected from the understory of the study site. Species collected were Clusia cf. alata, C. 
flaviflora, Symplocos psiloclada, S. quitensis, Weinmannia bangii, and W. microphylla 
(Figure 2). The selected species represent some of the most common and dominant tree 
species found in the forests at these elevations (Table 1). At the genus level, Weinmannia 
is the most dominant genus among the ABERG plots, accounting for the 16% of woody 
stems ≥ 10 cm dbh (diameter at breast height), and Clusia accounts for 13% (0.3–43.5% 
of stems per plot) (Rapp et al. 2012).   
Seedlings were located in the field through directed searches along the trails and 
in accessible areas of forest, focusing on the forests adjacent to the top four higher-
elevation ABERG plots. The range of elevation where each seedling species was 
25 
collected is shown in Figure 3. The most abundant and widespread species recorded for 
this study were C. alata  (n=77), Weinmannia microphylla (n=63), and S. psiloclada 
(n=61); C. flaviflora (n=33), S. quitensis (n=46), and W. bangii (n=37) were less 
common.  
Individuals smaller than 100 cm in height and less than 1 cm of basal diameter 
were considered seedlings. Only seedlings having their roots in the ground were 
considered in the study; many seedlings in the study area had roots that were positioned 
in the moss layer only, and those were not included in the sampling. The collected 
seedlings ranged from 1.35 to 8.19 mm in basal diameter and 8 to 82 cm in height (Figure 
4 & Figure 5). Before removing the seedling from the ground, the point on the shoot right 
at the ground level was marked to be the division between shoot and root. Then seedlings 
were collected from the ground by carefully removing their roots from the soil using 
small spades and hands. Basal diameter was measured at the mark on the shoot at the 
root/shoot division. Shoot length was measured from the shoot base to the apical bud (tip 
of the shoot). Finally, the number of leaves was recorded.  
 
Canopy pictures and soil samples 
Once an individual of a focal species was located, its geographic coordinates and 
elevation were determined using a GPS unit (datum WGS84, Garmin GPSMAP 78s 
hand-held; Garmin International, Kansas USA). A hemispherical canopy photograph was 
taken immediately above the seedling using a digital camera (Nikon Coolpix P80) 
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equipped with lens (Opteka 0.35x High Definition II Wide Angle Panoramic Macro). 
Canopy photographs were later analyzed with the freely-available Gap Light Analyzer 
program (GLA) (Frazer et al. 1999) to determine percent canopy openness (i.e., the 
percentage of sky visible above the seedling), which was used as a measurement for light 
availability. 
  A soil sample was collected for a subsample of seedlings by removing soil from 
the cavity left after each seedling was excavated.  Zimmermann et al. (2009) estimated 
that the organic forest layer in the study area has a depth of between 20 – 70 cm, and for 
this study any cavity left by the seedlings was not deeper than 70cm. To prepare the soil 
for taking pH measurements, plant debris, roots, leaves, and mosses were removed, then 
the soil was homogenized. Finally, two grams of each soil sample was mixed with 2 ml 
of distilled water and the soil pH was measured with a portable Soil Stik pH meter 
(FieldScout, model 2105).  The remaining soil from each sample was dried and saved for 
later nutrient analyses. 
 
Biomass analysis 
All collected seedlings were divided into leaves, stem, fine-roots (<2 mm 
diameter), and coarse-roots (≥2 mm diameter) (Cornelissen et al. 2003). The plant parts 
were placed in paper envelopes and oven-dried at 60ºC for 72 hours. The mass of each 
plant part was determined using a Pesola digital pocket scale (500 g Model, ± 0.1 g 
precision). The root:shoot ratio of each individual was calculated by dividing the mass of 
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roots (fine and course roots combined) by the mass of the aboveground tissues (leaves 
and stems combined). 
 
Leaf analysis 
Leaves were separated from the plants after seedlings were collected. Cut leaves 
were individually wrapped in envelopes and placed in sealed plastic bags to maintain the 
leaves as water-saturated as possible. Also, the near-freezing temperatures that occurred 
naturally at the study site helped to maintain the leaves in good conditions until analysis. 
Leaves were inspected to detect any sign of decomposition and were discarded if 
necessary, although their weight was included for biomass analysis. One fully-expanded 
and non-damaged leaf was selected from each seedling for measurement.  The area of 
each selected leaf was determined by scanning the fresh leaf along with a scale bar and 
analyzing the image using the Image J image analysis program (version 1.4638x, NIH, 
USA). For the mass measurement, the leaves were then oven-dried at a constant 
temperature of 60°C for 48 hours before their weight was determined using a digital 
balance (Ohaus Scout Pro, capacity 120g, precision ± 0.001 g).  
Specific leaf area (SLA, mm2mg-1) was calculated by dividing the fresh leaf area 
by its dry mass (Cornelissen et al. 2003). Petioles and rachises were considered part of 
the leaves as per guidelines for standardized SLA measurements. 
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Statistical Analysis 
Pearson correlation was used to measure the strength of the linear dependence 
among elevation and the other environmental variables (light availability, pH). Linear 
regression analyses were used to quantify the effects of elevational gradients on 
root/shoot ratios and SLA, as well as environmental variables (light availability, pH). In 
order to first control for the effects of size or ontogeny (Hoffmann et al. 2005) on the 
measured plant traits, linear regressions were performed using the residuals of regressions 
between root:shoot ratio and specific leaf area versus seedling diameter and height. The 
use of residuals as data, although arguable, is common especially in controlling for the 
effect of size (Freckleton 2002) and is functionally equivalent to a partial regression. 
 
RESULTS 
Shoot height and basal diameter were significantly correlated across all the focal 
species (Figure 6), although correlations were weak among some species. Height did not 
show a significant relationship with root:shoot ratio in any of the species (Figure 7) but 
showed a significant positive relationship with specific leaf area in S. psiloclada (p=0.02) 
(Figure 9). Although not significant, a similar positive trend was found between specific 
leaf area and height in W. bangii; whereas a negative trend was found in C. alata (Figure 
9). Specific leaf area did not show a significant relationship with diameter in any of the 
species (Figure 10), but a negative trend was found in C. alata and S. quitensis, and a 
positive trend in W. bangii. On the other hand, a significant positive relationship was 
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found between root:shoot ratio and basal diameter in the species W. bangii (p=0.02) 
(Figure 8). Although not significant, a similar positive trend was found in W. microphylla 
and S. quitensis, whereas a negative trend was found in S. psiloclada (Figure 8). Overall, 
basal diameter was a better predictor of the effects of size in the traits. Henceforth, we 
used the trait (root:shoot ratio and specific leaf area) residuals from the correlations with 
basal diameter to test the relationship with the environmental variables (elevation, canopy 
openness, and pH). 
 
Root:shoot ratio analysis and elevation 
The response of root:shoot ratio with elevation was different across species. 
Root:shoot ratio showed a significant positive relationship with elevation in the case of 
W. microphylla (p= 0.06), and a significant negative relationship with C. flaviflora (p 
=0.007). For W. bangii, C. alata , S. quitensis and S. psiloclada, the root: shoot ratio did 
not show any significant trend with elevation and remained constant across elevations (p= 
0.43, 0.50, 0.95, and 0.26 respectively) (Figure 11). 
 
Specific leaf area and elevation 
The response of specific leaf area with elevation was different across species. 
Specific leaf area showed a significant positive relationship with elevation in the case of 
S. quitensis, and a significant negative relationship in the congeneric S. psiloclada 
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(p=0.000). Although not significant, a slight negative trend was also shown in the case of 
W. microphylla (p=0.07). In contrast, for W. bangii, C. alata and C. flaviflora there was 
no significant trend with elevation, and specific leaf area remained constant across 
elevations (Figure 12). 
 
Plant functional traits and canopy openness 
Canopy openness did not show any trend across elevations, but ranged from 5% 
to 46%, with an average of 10.5% across the analyzed gradient (± 5.6, n=190 pictures 
taken) (Figure 13). Overall, canopy openness was not a good predictor for the plant 
functional traits across species. However, root:shoot ratio in W. microphylla showed a 
significant positive relationship with canopy openness (p=0.0007) (Figure 14). Further, 
specific leaf area in S. quitensis showed a significant negative relationship with canopy 
openness (p=0.04) (Figure 15).  
 
Plant functional traits and pH 
Soil pH did not show any trend across elevations, ranged from 2.4 to 4.0 and 
showed an average of 3.1 across the analyzed gradient (± 0.5, n=119 seedlings) (Figure 
16). Overall, soil pH was not a good predictor for the plant functional traits, and showed 
no significant relationship with specific leaf area across any species (Figure 18). 
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However, soil pH in S. quitensis showed a significant positive relationship (p=0.045) 
(Figure 17). 
 
Correlation among environmental variables 
No strong correlation was found among elevation, pH or canopy openness (Table 2). 
 
DISCUSSION 
Root:shoot ratio and specific leaf area, the plant functional traits in this study, 
were used to test the effects of temperature, canopy openness and soil pH in the biomass 
allocation of cloudforest tree seedlings. Biomass allocation is the relative partitioning of 
biomass among the different plant organs, and may vary over time, across environments 
and among species (Poorter et al. 2012). To understand whether variation in root:shoot 
ratio and specific leaf area are due to environment, the effects of size were evaluated by 
species using the shoot height and basal diameter.  
Size influences not only the structural characteristics of plants, but also their 
functional features (West et al. 1999). Root:shoot ratio generally decreases with size in 
woody plants because plants have to invest in support tissue to grow, moreover plants 
increase in diameter as they grow in height (King 1996); in the case of specific leaf area, 
no clear relationship with size is known. Although the allometric relationship between 
height and basal diameter is widely recognized in adult plants, it has shown to be more 
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variable in tree seedlings (Poorter et al. 2012). In this study significant relationships were 
found between basal diameter and height across species; however, strong correlations 
were not found in some species. Basal diameter was used to analyze the effects of plant 
size in both plant traits. Analysis of root:shoot ratio and specific leaf area across 
elevations were performed using the residuals of previous regressions with basal 
diameter. However, the potential effect of age cannot be discarded, and this variable has 
been found to have an important effect in biomass allocation. Due to the scope of the 
study, no further conclusions can be drawn regarding age control. A study in cotton 
plants showed that biomass allocation to metabolically active organs (roots and leaves) is 
mainly controlled by environmental factors, and allocation to metabolically non-active 
organs (stems) was mainly governed by ontogenetic drift (Xie et al. 2012). This 
hypothesis has not been tested on this study. 
Three pairs of congeneric species were used to evaluate the intraspecific and 
interspecific trait variation and detect possible tradeoffs in strategies along the 
environmental gradients. Only two species showed a directional change with elevation in 
biomass allocation. Mostly, results of root:shoot ratios within species illustrates plasticity 
and make evident that elevation (used as proxy for temperature) does not show a strong 
control in biomass allocation. Furthermore, there is no strong evidence of a shift between 
aboveground to belowground biomass as shown in other elevational gradients in montane 
forests (Leuschner et al. 2007). The difference could be in the methods used. In the 
Ecuadorian study, root tissue was divided in live and dead roots, and roots were sampled 
using soil cores instead of harvesting entire plants as here in this study. However, there is 
some evidence that temperature does not control growth and productivity strongly within 
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the cloud immersion zone (Rapp 2010, Girardin et al. 2010). Hence, we can suggest that 
biomass allocation is not directly controlled by temperature in the upper reaches of the 
elevational gradient and that possibly within the cloud zone temperature plays a mixed 
role with air humidity and water availability in the soil. An interesting recent finding is 
that foliar water uptake is likely to be a widespread phenomenon in cloudforests trees, 
nonetheless the capacity differs significantly between the montane and pre-montane 
forest plant communities, as well as among species within a forest (Goldsmith et al. 
2013). The capacity of some plants to “drink water” through their leaves is known to 
have an effect in root length, that accordingly could impact biomass allocation (Metcalfe 
et al. 2008). 
With respect to the belowground biomass, mycorrhizae are a possible missing 
piece in the belowground budget on this study. Mycorrhizae do occur in montane forests 
and seemingly are just as ubiquitous as they are in lowland forests (Lesica & Antibus 
1990). Little information are available, which potentially represents a real difficulty for 
studies of carbon allocation (Clark et al. 2001b).  
In the specific leaf area analysis, lower values with increasing elevation were 
expected (thicker, longer-living leaves). Similarly, no directional changes with elevation 
were found within species. However, two species, S. quitensis, and S. psiloclada, showed 
evidence of tradeoff across elevations. In the first case, S. quitensis presented an opposite 
trend to that expected in leaves from cloudforest plants, as SLA increased with elevation. 
On the other hand, S. psiloclada showed the expected strategy in cloudforests. Seedlings 
of S. quitensis were found in places with a higher percentage of canopy openness; this 
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possibly provides evidence for tradeoff in photosynthetic capacity with light partitioning 
along the elevational gradient.  
Finally, to fully understand or make conclusions about the effects of ontogeny on 
plant functional traits, not only is physiological information on photosynthesis and 
respiration needed but also more specific detailed plant morphological models are 
required (Day et al. 2002). I propose four models that possibly explain the relationship 
between genetics, age, and environmental control over traits. According to these models: 
1. A fully developed organ can be modified by an environmental stimulus; 2. meristems 
remain the same over time but are produced with developmental plasticity to respond to 
environmental stimulus if necessary; 3. meristems are genetically controlled and their 
potential changes during the plant life cycle, which means that over time and with plant 
size, tissues are intrinsically different; 4.as individuals age, there is a differential genetic 
response by meristems to environmental stimulus. As mentioned before, testing the 
effects that ontogeny could have on the measured plant traits was out of the scope of this 
study; an experimental approach will be needed to perform such tests; therefore, how 
changes along the development of the plants affect our results cannot be fully clarified. 
 
CONCLUSIONS 
No strong evidence of species turnover in juvenile plants along the elevational 
gradient was found. While temperature has been shown to be a good predictor at a large 
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scale, within the cloud region it is possible that other environmental variables are acting 
in conjunction with temperature to determine growth and biomass allocation strategies.  
Even with the limited scope of this study, it is important to consider potential 
impacts at the community level. If species at the study site have a biomass allocation 
strategy similar to W. microphylla, with higher belowground biomass at higher 
elevations, estimates of belowground biomass for cloudforest are missing a very 
important component of the carbon budget. This study reaffirms the importance of 
including roots to obtain more comprehensive studies of biomass or productivity. 
Moreover, there is a need for a better understanding of root biomass and water use in 
cloudforests to improve ecological models of climate change. 
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Tables 
Table 1. Information extracted from the ABERG plot database showing the importance of 
the species selected 
 
 
  
Elevation 
(m asl) 
Range of 
Aboveground 
biomass (kg) 
Species Average DBH (cm) 
Average 
Height (m) 
Average 
Aboveground 
biomass (kg)* 
2750 16.75 - 474.31 
Clusia alata 21.47 13.71 196.56 
Clusia flaviflora - - - 
Symplocos psiloclada 10.10 10.00 32.32 
Symplocos quitensis - - - 
Weinmania bangii 24.77 13.87 310.64 
Weinmania microphylla - - - 
3000 14.42 - 463.18 
Clusia alata 20.22 11.41 153.99 
Clusia flaviflora 28.46 12.66 357.37 
Symplocos psiloclada 18.20 10.00 123.44 
Symplocos quitensis - - - 
Weinmania bangii 17.74 11.45 128.91 
Weinmania microphylla - - - 
3250 16.87 - 1078.17 
Clusia alata 22.89 10.61 169.79 
Clusia flaviflora 14.10 6.00 37.44 
Symplocos psiloclada 19.78 9.80 137.30 
Symplocos quitensis 28.43 11.29 469.98 
Weinmania bangii 22.55 12.34 283.55 
Weinmania microphylla 25.79 11.83 322.57 
3450 10.23 - 764.84 
Clusia alata 20.40 9.67 129.01 
Clusia flaviflora 26.41 8.14 197.30 
Symplocos psiloclada 18.08 6.44 79.32 
Symplocos quitensis 23.91 9.80 217.53 
Weinmania bangii - - - 
Weinmania microphylla 29.92 10.05 322.09 
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Table 2.Correlations among the environmental variables of the study 
 
 
 
  
Pearson's r pH light elevation 
pH   0.23 -0.03 
light   0.11 
elevation   
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Figures 
 
 
 
Figure 1. View of the field study from 3500 m asl, top of the ridge called Trocha Union, to the 
east over the study site in the Kosnipata Valley, Cusco - Peru. Seedlings were collected along the 
shown ridge from 3450 m to 2700 m.  
 
46 
 
Figure 2. Seedlings of the six focal species taken in the field. 
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Figure 3. Histograms that show the number of seedlings collected by species per elevation.
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Figure 4. Mean basal diameter (mm) presented by species across the elevational gradient. 
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Figure 5. Mean shoot height (cm) presented by species across the elevational gradient. 
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Figure 6. Regression line between plant height (cm) and basal diameter (mm), including 
the 90% confidence interval (gray color), presented by species. Pearson correlation 
coefficients (r) are reported.  
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Figure 7. Regression line between root:shoot ratio and height (cm), including the 90% confidence 
interval (gray color), presented by species. 
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Figure 8. Regression line between root:shoot ratio and basal diameter (mm), including the 90% 
confidence interval (gray color), presented by species.    
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Figure 9. Regression line between specific leaf area (mm²/mg) and height (cm), including 
the 90% confidence interval (gray color), presented by species. 
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Figure 10. Regression line between specific leaf area (mm²/mg) and diameter (mm), including the 
90% confidence interval (gray color), presented by species.  
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Figure 11. Regression line between root:shoot ratio residuals and elevation (m asl), including the 
90% confidence interval (gray color), presented by species.  
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Figure 12. Regression line between specific leaf area residuals and elevation (m asl), including 
the 90% confidence interval (gray color), presented by species. 
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Figure 13. Canopy openness (%) taken from each location where seedlings were collected (n=190 
pictures) 
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Figure 14. Regression line between root:shoot ratio residuals and canopy openness (%), including 
the 90% confidence interval (gray color), presented by species.  
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Figure 15. Regression line between specific leaf area residuals and canopy openness (%), 
including the 90% confidence interval (gray color), presented by species.  
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Figure 16. Regression line that shows the distribution of soil pH along the elevational 
gradient.(n=119) 
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Figure 17. Regression line between root:shoot ratio residuals and pH, including the 90% 
confidence interval (gray color), presented by species.  
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Figure 18. Regression line between specific leaf area residuals and pH, including the 90% 
confidence interval (gray color), presented by species. 
